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Chlorination is still an essential soft wheat flour treatment for production of high-ratio cakes in the United States and it is frequently coupled with a postmilling treatment to reduce flour particle size. The normal range of chlorination is 1,100-2,300 ppm, and the chlorinated flour generally has a pH in the range of pH 4.5-5.2 (Hoseney et al 1988) . Kissell et al (1974) and Kissell and Yamazaki (1979) reported that the level of chlorination significantly affected cake volume, according to the extent of expansion and shrinkage during baking and cooling, and that optimum chlorination was a compromise between the amount of cake expansion and shrinkage. Flour particle size is another important factor in cake quality. Reduction of flour particle size by pin milling improved cake quality but excessive pin milling increased the extent of starch damage, resulting in deteriorated cake quality (Miller et al 1967) . Yamazaki and Donelson (1972) also reported a high negative correlation between flour particle size index and cake volume.
Generally, a high viscosity is required for cake batter to produce a better cake volume and a more uniform grain because of slowed gas diffusion, slowed migration of buoyant bubbles, and prevention of the settling out of starch granules in a more viscous system (Hoseney et al 1988) . Gaines and Donelson (1982) used a modified viscograph technique to continuously measure cake batter viscosity of a complete cake formula at 20-100°C and showed that cake expansion during baking is significantly correlated with apparent viscosity of the batter. Cake batter viscosity is also influenced by fat content and emulsifier type; the increase in fat content and addition of emulsifier decreases the apparent viscosity (Sakiyan et al 2004) .
Among the effects on flour components due to chlorination, enhanced starch pasting is a critical factor linked to cake quality, because gelatinized or pasted starch networks prevent cake collapse and maintain cake volume (Kulp et al 1972; Huang et al 1982a,b; Telloke 1985) . Kulp et al (1972) reported that the rate of initial rise in paste consistency of flours increased with chlorination and that hydration capacities were also consistently increased. They suggested that possibly the surface of starch granule was "activated" by the action of chlorine, which facilitated formation of starch-lipid or starch-protein complexes, resulting in stabilization of the cake batter during baking. Although chlorination did not alter the DSC-measured starch gelatinization phase transition, at 90°C, starch granules in batter containing chlorinated flour exhibited a greater loss of birefringence and swelled more than did starch granules in batters made with untreated flours (Huang et al 1982b) . For measuring starch pasting characteristics, a Rapid Visco-Analyser (RVA) or Brabender Viscograph is commonly used for starch or flour slurries in water. However, cake batter is a high sugar system and measuring starch pasting behavior at high sugar concentration will be beneficial to explore cake baking functionality. To understand the mechanism of cake baking, changes in cake height during baking have been observed using time-lapse photography (Miller et al 1967; Yamazaki and Lord 1971; Kissell and Yamazaki 1979) . In the present study, the effects of extent of chlorination, milling extraction rate, and particle-size reduction of flour on cake baking functionality were explored using RVA and time-lapse photography.
MATERIALS AND METHODS

Materials
Straight-grade flour (SG, 74% milling yield) and low-extraction flour (Low X, 55% milling yield) samples from Croplan 594W wheat (soft red winter wheat grown in Ohio in 2004) were prepared according to the methods of Kweon et al (2009a) . The wheat was cleaned, tempered to 14% moisture content, and milled with a Miag Multomat mill. Parts of the Low X flour sample were further processed to reduce particle size using an Alpine Kolloplex model 160-Z pin mill at 10,250 rpm, and the pin-milled flour was referred to as postmilled flour. For preparing chlorinated SG, Low X, and postmilled flours, ≈1 lb of each flour sample was treated with chlorine gas to produce specific target pH levels (5.2, 4.9, 4.6, 4.3, 4.0, and 3.7) (Mennel Milling, Roanoke, VA). For RVA analyses, reagent-grade sucrose was used. For cake baking, a partially hydrogenated, all-vegetable shortening (Smuckers, Orville, OH) and fine-granulated sucrose (Domino) were used.
Flour Particle Size and Proximate Analysis
Particle-size distribution for each flour sample was determined using a Ro-tap sieve shaker as in Kweon et al (2009a) . Three sieves (105, 75, and 45 μm mesh) were used; the run time for the shaker was 40 min. The % of each flour particle-size fraction was calculated based on the fraction-weight retained over each sieve. Moisture, ash, and protein content, respectively, were measured using Approved Methods 44-16, 08-01, and 46-30 (AACC International 2010) and reported on as-is moisture basis. The pH levels for all flour samples were measured on 10% flour-water slurries using a pH meter (Fisher Scientific, Pittsburgh, PA).
RVA
The starch-pasting behavior of each flour sample in water and sucrose solution was measured by RVA (RVA-4, Newport Scientific Pty. Ltd, Warriewood, NSW, Australia) using the Standard 1 method. Flour (3.5 g, db) was added to 25 mL of water or 50% (w/w) predissolved sucrose solution in the sample canister and mixed thoroughly. Pasting temperatures were calculated with a software program (Thermocline for Windows, TCW v.2.5).
Cake Baking
Approved Method 10-90 (AACC International 2010) for cake baking was used with minor modifications. The basic ingredients and formula are presented in Table I . After mixing, ≈380 g of cake batter was placed in a baking pan (Pyrex, 190 × 100 mm) . Before the cake batter was placed into an oven, the batter plus baking pan was weighed. The cake was baked at 340°F for 35 min. After baking, the baking pan was removed from the oven, and the weight of the baked cake and baking pan was recorded immediately. The difference in weights was used to calculate moisture loss as weight loss during baking. The baked cake was cooled for 4 hr, and then height of cake edge (HCE) and height of cake center (HCC) were measured. Shape factor (SF) was calculated from HCC divided by HCE. Separately, additional cake batter was prepared as described above; time-lapse photos were taken at 5-min intervals through a glass window in the oven door to observe the change in cake geometry during baking. A portion of each of the baked cakes was used to measure cake texture using a texture analyzer (TA.XT2i, Texture Technologies, Scarsdale, NY). Two cake strips (1.5 in. wide) were prepared by slicing a round cake through its diameter and then slicing along the diameter cut of each half. The sides of each cake strip were tested using a cylinder probe 0.5 in. diameter in three different areas close to the center of the crumb. Test conditions for the texture profile analysis tests were 2.0 mm/sec pretest speed; 2.0 mm/sec test speed; 2.0 mm/sec posttest speed; and 10.0 mm penetration distance. Cake hardness, cohesiveness, and springiness were measured.
RESULTS AND DISCUSSION
Flour Analyses
Moisture contents of unchlorinated flour samples were ≈13.3, 13.6, and 12.4% for the SG, Low X, and the postmilled samples, respectively. The lower moisture content of the postmilled flour sample suggested that moisture loss had occurred during the pinmilling process. Protein content of those samples were 7.6, 6.9, and 6.8%, respectively; ash contents were 0.40, 0.32, and 0.32%, respectively. The pH levels of the unchlorinated Low X and postmilled flours (both pH 5.7) were lower than that of the SG flour (pH 5.9) due to decreased bran contamination. As the level of extraction was raised, the ash content in flour increased (Li and Posner 1987) . The increase in ash content was caused by incorporation of endosperm close to the bran and the aleurone layer, which inherently contain higher levels of minerals (Posner and Hibbs 1997) .
As anticipated, the SG flour contained larger particles than did the Low X flour. Compared to the SG and Low X flours, the postmilled flour had significantly smaller particles (Kweon et al 2009a,c) . The results were similar to those reported by Gaines (1985) , i.e., that flour particle size is smaller in low-extraction (50%) patent flour and even much smaller after pin milling.
RVA
RVA results for the flour samples are shown in Fig. 1 . RVA results for flour in predissolved 50% w/w sucrose solution (flour-tosugar solution = 7:60.45-61.65 w/w) (Fig. 1B a,b,c) showed retardation of the onset of starch pasting, compared to that in water (Fig. 1A a,b,c) . A high concentration of sugar solution retards starch pasting and gelatinization due to the antiplasticizing action of the sugar solution compared to the plasticizing action of water alone (Slade and Levine 1994; Kweon et al 2009b) . The viscosity time profiles for flour slurries in water showed that the starch breakdown process was prominent due to the extended time for high-temperature shearing after early initial development of maximum hot-paste viscosity. In contrast, the profiles for flour slurries in 50% sucrose showed that the starch breakdown process was negligible due to the retardation of viscosity development in the second-stage granule-swelling process and the insufficient time for the subsequent disruption process, before cooling and setback.
RVA results in water and 50% sucrose solution ( Fig. 1A and B) showed that starch pasting was accelerated, and both peak and final viscosities were enhanced, with increasing extent of flour chlorination. These effects were exaggerated by the high sugar concentration relevant to cake baking, compared to the same effects in water. The peak viscosities for Low X and postmilled flour samples in both solvents were higher than those for SG flour samples with corresponding extents of chlorination. Extraction rate affected starch pasting because the Low X and postmilled flour samples contained higher proportions of endosperm, which contained a higher level of starch and thus contributed to higher pasting peak viscosity. However, RVA profiles for the Low X and postmilled flour samples were similar, which indicates that postmilling to reduced particle size did not result in a significant effect on starch pasting. Kweon et al (2009c) reported that sucrose solvent retention capacity (SRC) values increased significantly for heavily chlorinated flour samples due to the oxidative gelation of solvent-accessible arabinoxylans that occurred during extensive chlorination. This significant increase in sucrose SRC, due to the exaggerated swelling of arabinoxylans, could match the similar exaggerating effect in the RVA profiles for the heavily chlorinated flours in sucrose solution. Our RVA results agree well with those of Kulp et al (1972) , Paton and Spratt (1978) , Kissell and Yamazaki (1979) , and Seguchi (1993) , who reported that chlorinated flour starts its viscosity increase at a lower temperature than that for unchlorinated flour. However, as reported by Huang et al (1982b) , DSC thermograms did not show any effect on starch gelatinization temperature for flour samples with increasing extents of chlorination.
Cake Baking
Time-lapse photographs of representative samples during baking for cakes made with Low X flours chlorinated (or not) to different pH levels are presented in Fig. 2 . Cake formulated with unchlorinated flour expanded later during the 35-min baking process and then collapsed dramatically after cooling due to insufficient time for the starch to paste and the egg white to set to support the cake volume. In contrast, cake formulated with heavily chlorinated flour (pH 4.0) expanded (≈10 min into baking) and underwent starch pasting and egg white setting too early, which inhibited further expansion and resulted in smaller cake volume. The cakes formulated with adequately chlorinated flours (pH 4.6-4.9) showed sufficient expansion and less collapse, which resulted in good cake volume. These cake baking results corresponded well with our RVA results. Significantly enhanced starch pasting characteristics in RVA profiles for heavily chlorinated flours would contribute to early cake expansion and early release of carbon dioxide gas. In contrast, delayed starch pasting and lower viscosity, in an RVA profile for unchlorinated flour, would result in an insufficient time for expansion early enough to support the cake volume. The resulting cooled cake, after exiting from the oven, showed a very small volume.
Geometry data for experimental cakes are plotted in Fig. 3 . The HCE values for all the cakes were similar, regardless of flour extraction rate and particle-size reduction, but HCE was decreased slightly with increasing extent of flour chlorination. The HCC values for all the cakes showed a curvilinear pattern, with the maximum near pH 4.6. Cakes formulated with Low X or postmilled flour showed higher HCC, compared to cakes made with SG flour. Shape factor data showed a similar pattern to HCC, although flour extraction rate and particle-size reduction did not show significant effects. Kissell and Yamazaki (1979) reported on cake baking dynamics, showing that batter expansion and final layer cake volume decreased gradually with increasing chlorination dosage.
Data for cake texture are plotted in Fig. 4 . Cakes made with unchlorinated flour showed greater hardness than those made with chlorinated flours. The cake made with SG unchlorinated flour was harder than those made with Low X and postmilled unchlorinated flours. Among cakes made with chlorinated flour samples, heavily chlorinated flour contributed to increased cake hardness. With increasing extent of flour chlorination, cake springiness and cohesiveness increased.
Moisture content and %RH data for cakes are plotted in Fig. 5 . As the extent of flour chlorination increased, %RH and moisture content of cakes decreased, which correlated with increasingly dry mouthfeel. Informal sensory texture evaluation confirmed that moistness of cake mouthfeel was related to both moisture content per se and the relationship between moisture content and cake %RH. Excessive flour chlorination resulted in unacceptably dry cake mouthfeel.
CONCLUSIONS
Using RVA and time-lapse photography, we explored the effects of extent of chlorination, milling extraction rate, and particle-size reduction of flour on cake baking functionality. With increasing extent of flour chlorination, starch pasting occurred earlier and both peak and final viscosities increased. Compared to the effect in water, high sugar concentration exaggerated the impact. Timelapse photographs showed that dramatic collapse occurred for cakes baked with unchlorinated flour samples due to delayed starch pasting, compared to the geometry of the final cooled cakes made with chlorinated flours. As the extent of flour chlorination increased, cake moisture content and edge height decreased. Cake center height and shape factor were curvilinear, with maxima near pH 4.6. Starch pasting and egg white setting occurred too early for cakes baked with excessively chlorinated flour (pH ≤4.0), but too late for cakes baked with unchlorinated or insufficiently chlorinated flours (pH ≥4.9), compared to the ideal starch-pasting and egg white setting behavior with appropriately chlorinated flours (pH >4.0 and <4.9). The use of time-lapse photography and interpretation of expansion profiles during baking of cakes made with flours with varying extents of chlorination led to an enhanced understanding of cake baking functionality of flour, which will make it possible to relate RVA behavior in 50% sucrose to cakebaking potential.
